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Abstract  

Background: The association between benzene exposure and non-Hodgkin lymphoma (NHL) 

has been the subject of debate as a result of inconsistent epidemiologic evidence. An IARC 

working group evaluated benzene in 2009 and noted evidence for a positive association between 

benzene exposure and NHL risk.  

Objective: To evaluate the association between occupational benzene exposure and non-

Hodgkin lymphoma (NHL) among 73,087 women enrolled in the prospective population-based 

Shanghai Women’s Health Study.  

Methods: Benzene exposure estimates were derived using a previously developed exposure 

assessment framework that combined ordinal job-exposure matrix intensity ratings with 

quantitative benzene exposure measurements from an inspection database of Shanghai factories 

collected between 1954-2000. Associations between benzene exposure metrics and NHL (n = 

102 cases) were assessed using Cox proportional hazard models, with study follow-up occurring 

from December 1996 through December 2009.  

Results: Women ever exposed to benzene had a significantly higher risk of NHL (Hazard Ratio 

(HR): 1.87, 95% C.I.: 1.19, 2.96). Compared to unexposed women, significant trends in NHL 

risk were observed for increasing years of benzene exposure (ptrend = 0.006) and increasing 

cumulative exposure levels (ptrend = 0.005), with the highest duration and cumulative exposure 

tertiles having a significantly higher association with NHL (HR: 2.07, 95% C.I.: 1.07, 4.01 and 

HR: 2.16, 95% C.I.: 1.17, 3.98, respectively).  

Conclusions: Our findings, using a population-based prospective cohort of women with diverse 

occupational histories, provide additional evidence that occupational exposure to benzene is 

associated with NHL risk.   
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Introduction 

Benzene is a common occupational solvent that has been used in multiple industries particularly 

as a chemical intermediate in the production of plastics and in rubber manufacturing, and has 

been used as a solvent in common consumer products worldwide (Wilbur et al. 2008). Moreover, 

exposure to benzene is ubiquitous in the general population, as it is present in gasoline, 

automobile emissions, and cigarette smoke (Wilbur et al. 2008). There has been continued 

concern regarding potential adverse health effects arising from airborne benzene exposures, 

particularly in light of evidence that benzene is hematotoxic at exposure levels as low as <1 ppm 

(Lan et al. 2004; Qu et al. 2002) and is associated with an increased risk of myelodysplastic 

syndrome at relatively low exposure levels (Schnatter et al. 2012). In China, benzene is regularly 

used in manufacturing industries, and historically high levels of occupational benzene exposure 

have been reported, with a number of reports describing cases of benzene poisoning in exposed 

Chinese workers (Liu et al. 2009).  

Exposure to benzene, which is classified by the International Agency for Research on Cancer 

(IARC) as a Group 1 carcinogen, has been concluded by IARC to cause acute myeloid leukemia 

(AML), based in part on results from several case-control and occupational cohort studies in a 

variety of human populations (IARC 2012). In addition, a variety of other adverse health effects 

associated with benzene have been observed in animal and human studies, including 

developmental, neurological, and hematopoietic toxicities (Wilbur et al. 2008). Benzene is 

additionally a suspect lymphomagen based on positive associations with non-Hodgkin 

lymphoma (NHL) overall or with specific NHL subtypes observed in some occupational cohort 

and case-control studies, although the strength of the evidence is not as strong compared to the 

association with AML (Baan et al. 2009; IARC 2012). In particular, a significant exposure-
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response association with NHL was previously identified for benzene exposure in a large 

occupational cohort study of benzene exposed workers in China (Hayes et al. 1997).  Several 

more recent case-control studies conducted in the United States and in Europe have provided 

some additional evidence for an association with NHL overall (Dryver et al. 2004; Fabbro-Peray 

et al. 2001) or with specific subtypes including follicular and diffuse large B-cell lymphoma and 

chronic lymphocytic leukemia (CLL) (Costantini et al. 2008; Miligi et al. 2006; Wang et al. 

2009). Based in part on these epidemiologic studies, a working group of IARC recently 

concluded that there is evidence for a positive association between benzene exposure and NHL 

risk in humans (IARC 2012).  

No previous studies, to our knowledge, have evaluated the association between benzene 

exposure and NHL in the context of a population-based prospective cohort study with diverse 

occupational histories. Recently, a unique framework for assessing historical benzene exposure 

was developed and applied in a population-based cohort study of Chinese women living in urban 

Shanghai (Friesen et al. 2012). This approach combined a job- and industry-exposure matrix 

(both referred herein as a JEM) with short-term area air measurements of benzene in factories in 

Shanghai over the period 1954-2000, and has been demonstrated to increase contrast in exposure 

levels between different industries and jobs as well as over time compared to using the JEMs 

alone (Friesen et al. 2012). Here, we applied this exposure assessment framework to evaluate the 

association between occupational exposure to benzene and risk of NHL in this population-based 

cohort consisting of Chinese women living in Shanghai.   
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Methods 

Study population and outcome ascertainment 

Details concerning the study population enrolled in the Shanghai Women’s Health Study 

(SWHS) have been described (Zheng et al. 2005). Briefly, the study is a prospective cohort of 

74,942 women living in urban Shanghai who were enrolled between the ages of 40 and 70 with 

subject enrollment occurring between December 1996 and May 2000. Eligible women for the 

study were identified from a roster of all women from the resident offices in the study 

communities and were approached by a trained interviewer and a local community health 

worker. The overall participation rate for the study was 92.7% (defined as women who agreed to 

participate and completed the baseline survey among all eligible women who lived in the study 

communities during the time period of the baseline survey). Enrolled women completed a 

lifetime occupational history questionnaire that assessed job title, name of the work place, type 

of process or business, description of work tasks, and employment dates for all jobs held for at 

least one year. Other components of the questionnaire included an assessment of demographic 

characteristics, personal lifestyle habits, medical history, and a residential history (Zheng et al. 

2005). The Standard Chinese Classification of Industries and Occupations for the third national 

census (IPUMS 2014) was used by investigators from the Shanghai Cancer Institute to code and 

standardize each of the employer types and free-text job titles obtained from the occupational 

history questionnaire (Friesen et al. 2012).  

All hospitals in Shanghai are legally required to notify the Shanghai Cancer Registry (Shanghai 

Cancer Institute 2015) of all newly diagnosed cancer cases. Thus, identification of disease 

outcomes for the study, including incident cancers and vital status, was conducted through 

annual record linkage to these population-based Shanghai cancer and vital statistics registries. In 
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addition, in-person follow-up study surveys that have taken place every 2-3 years have collected 

disease and hospital information. Medical charts were reviewed from each diagnostic hospital to 

verify the cancer diagnoses and to collect information on tumor characteristics. All cancer site 

information was based on the International Classification of Diseases, Ninth Revision (ICD-9). 

All participants provided informed consent and the study was approved by the institutional 

review boards of all participating institutions.  

Exposure assessment 

The benzene exposure assessment used job- and industry-exposure matrices that were calibrated 

with short-term area benzene exposure measurements in Shanghai factories and has been 

described in detail elsewhere (Friesen et al. 2012). Briefly, the job- and industry-exposure 

matrices using the same industry and job coding system as the questionnaire data were developed 

based on experts’ rating of the probability and intensity of benzene exposure using an ordinal 

scale (coded 0-3) for 1980, the median year of employment in the study population. The 

probability ratings were assigned based on the estimated proportion of workers exposed to 

benzene with scores of 0-3, corresponding to no exposure, <5% exposed, 5-50% exposed, and 

>50% exposed, respectively. Intensity ratings were assigned based on the maximum allowable 

concentration (MAC) for occupational benzene exposure in China in the year 1980 (i.e. 40 

mg/m3), with scores of 0-3 corresponding to very low or negligible exposure, above background 

but <10% of the MAC, 10-100% of the MAC, and exposures above the MAC, respectively.  

The benzene exposure database consisted of short-term area air measurements (n= 70,937) that 

were collected as part of health and safety inspections from factories in Shanghai that fell under 

the Shanghai Centers for Disease Control (CDC) inspection program. Measurements were 

collected over the period 1954-2000 by the Shanghai CDC, and included the sampling date, 
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factory name, and type of industry and job, all of which were abstracted from records maintained 

at municipal and district stations. Each measurement was coded to its relevant industry and 

occupational classification, using the same classification system as used in the occupational 

histories and the job- and industry-exposure matrices. Information pertaining to the analytical 

method that was used to measure benzene exposure was not available in the database. As 

described previously (Friesen et al. 2012), in sensitivity analyses the measurements were 

calibrated to a single measurement method, based on the prevalence of syringe measurement and 

gas chromatography methods over time and the magnitude of the exposure difference between 

methods observed in another Shanghai study. The rank order of the benzene estimates derived 

from separate models adjusting or not adjusting for the analytical method was demonstrated to be 

very highly correlated. The benzene measurement data were combined with the JEMs to derive 

cumulative exposure estimates (mg/m3) for each woman as further described below.  

The job/industry-specific benzene exposure estimates for each three-digit job/industry code were 

derived using mixed-effects modeling that combined both the job- and industry-exposure 

matrices with the inspection measurements, as described elsewhere (Friesen et al. 2012). Briefly, 

the estimated geometric mean exposure levels were derived from the fixed-effect parameters for 

year (incorporated as a b-spline term) and JEM intensity ratings (incorporated as ordinal metrics, 

0-3 scale) and from the best linear unbiased prediction estimates for the random-effects of job 

group, and industry class nested within job group, which allowed for job- and industry-specific 

deviations from the pooled estimates associated with the JEM ratings (Friesen et al. 2012). Thus, 

this framework provided a mechanism to account for a 20-fold difference in exposure 

concentrations between job/industry groups, as well as a 13-fold difference in exposure 



9 
 

concentrations between 1954-2000, that would not have been possible to capture using the 

exposure matrices only (Friesen et al. 2012). 

For each woman, we applied the time-varying exposure levels predicted by the models above to 

each year of a job in her work history that was classified as exposed, with exposed jobs defined 

as those with a job code probability rating of 3 (i.e., >50% exposed), or as jobs with an industry 

code probability rating of 3 (i.e., >50% exposed) and a job code probability rating ≥ 1 (i.e., >0% 

exposed). All other jobs were classified as unexposed and assigned a benzene exposure level of 

zero (Friesen et al. 2012). Occupational histories were available for each woman up until the 

year of entry into the study. 

Statistical analysis 

Analyses included all women currently enrolled in the SWHS with no prevalent cancer at 

baseline and a valid occupational history. A total of 73,087 women were included in the 

analyses, with follow-up for each woman starting at the time of completion of the baseline 

questionnaire. To evaluate the association between the job-industry specific benzene exposure 

metrics and risk of NHL (ICD-9 codes: 200, 202, 204.0-204.1), we estimated hazard ratios (HR) 

and calculated 95% confidence intervals (C.I.) using Cox proportional hazard models with entry 

and exit age as the underlying time factor. A total of 102 patients were diagnosed with primary 

incident NHL during follow-up, 24 of whom were exposed to benzene. Results are presented for 

NHL overall due to the lack of detailed histology data for NHL subtypes (i.e., 73% of the 102 

cases are classified as ICD-9 code 202.8, "other lymphoma"). Exit age for the analyses was 

based on the date of NHL diagnosis, the date of death, or the last follow-up date, whichever 

event came first. Given the previously established relationship between benzene exposure and 

risk of myeloid leukemia (IARC 2012), we similarly evaluated the association between myeloid 



10 
 

leukemia and the benzene exposure metrics, although the number of cases in our cohort was 

small (n = 33 overall, 4 exposed).  

Metrics of occupational benzene exposure evaluated in the study included ever/never exposure, 

duration of exposure in years, and cumulative exposure in mg/m3-years. Women were classified 

as ever exposed if they had any job/industry combination in their occupational history that was 

classified as exposed according to our criteria, regardless of duration. Total exposure duration 

was calculated by summing the number of exposed years for each woman (i.e. the number of 

years spent working in jobs classified as exposed). Cumulative exposure was calculated by 

summing all yearly exposure estimates for exposed jobs across the full occupational history for 

each subject. For the duration and cumulative exposure metrics, indicator variables based on the 

tertiles of exposure in the exposed population were included in the Cox regression models with 

women having no exposure used as the reference group in all analyses. For these continuous 

exposure metrics, the highest tertile was further subdivided based on the intracategory median to 

evaluate associations with NHL across a greater range of exposure levels. We tested for a linear 

trend in the HR for each of the benzene exposure metrics where applicable by including a 

continuous variable in the model representing the median values of each of the exposure tertiles. 

The assumption of proportional hazards was evaluated and verified by a graphical check on the 

log cumulative hazard vs. time and by modeling a product term between the time-scale for the 

model (attained age) and the time-fixed benzene exposure variables at baseline. 

 For each of the metrics described above, results are presented from a model adjusted only for 

age (i.e. using age as the time-scale) and a model additionally adjusted for other co-variates. The 

fully adjusted models included categorical variables for education, body mass index (BMI), ever 

smoking, and ever use of alcohol. All models were stratified by birth cohort in 5-year intervals in 
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order to account for possible calendar effects. For the myeloid leukemia analyses, results from a 

model adjusted only for age and a model further adjusted for ever smoking and education are 

presented for ever exposure, duration (based on the median and tertiles) and cumulative exposure 

based on the median. Further, we evaluated the association between cumulative benzene 

exposure and NHL risk using a 5- and 10-year lag by treating cumulative exposure as a time-

varying explanatory variable in the model and using age as the time-scale, as implemented using 

the stcox procedure in Stata v 13.1. All other analyses were conducted using SAS version 9.3 

(Cary, NC), with a two-sided α = 0.05 considered statistically significant.  

Results 

The demographic characteristics at baseline of the 73,087 subjects included in the analyses are 

shown in Table 1, both overall and stratified by benzene exposure status. Overall, the mean age 

of women in the cohort at baseline was 52 years and the mean attained age at the end of follow-

up was 64 years. The mean BMI at baseline among all women was 23 kg/m2 and most women 

did not report ever smoking or alcohol use (≥ 97%). These characteristics were similar in 

workers exposed to benzene and in the unexposed workers (Table 1). About 86% of women had 

less than a college education. 

Of the 73,087 women included in the analysis, 15% (n = 10,788) were ever exposed to benzene. 

Approximately 85% of ever exposed women did not have an exposed job during the year of 

cohort entry, which is consistent with the decreasing distribution of exposed person-years from 

1980-2000 for women in the cohort. The median cumulative exposure level and duration of 

exposure in exposed workers was 59 mg/m3-years (75th percentile: 136 mg/m3-years; 95th 

percentile: 491 mg/m3-years) and 17 years, respectively. Among workers exposed to benzene, 

the predominant industries of employment in terms of person-years from the occupational 
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histories included manufacturing of rubber products (13%), organic chemicals (10%), motor 

vehicles (8%), miscellaneous electronics (7%), and manufacturing of television sets and audio 

equipment (6%). The majority of exposed NHL cases (~71%) were exposed before 1990.  

The mean and median length of time between first year of exposure to benzene and NHL 

diagnosis was each ~38 years, with a range of 13-59 years. Associations with NHL for each of 

the benzene exposure metrics are shown in Table 2 for the models adjusted only for age as well 

as for the fully adjusted models. For all of the benzene metrics evaluated, further adjustment of 

the models for education, ever smoking, ever use of alcohol, and BMI had little to no impact on 

the results for NHL (Table 2, Model 2), and therefore HRs and 95% CIs described here are based 

on the models with age as the time factor and no further adjustment for co-variates. Women ever 

exposed to benzene had a significantly higher risk of NHL relative to unexposed women (HR: 

1.87, 95% C.I.: 1.19, 2.96).  

 Significantly higher associations of similar magnitude were apparent for women in the highest 

two duration tertiles compared to unexposed women (Tertile 2, HR: 2.10, 95% C.I.: 1.01, 4.35; 

Tertile 3, HR: 2.07, 95% C.I.: 1.07, 4.01; ptrend = 0.006), but the estimated risk for women in the 

lowest tertile was not significantly different from unexposed women (Table 2). Further 

stratification of the top duration tertile (n = 10 exposed cases) based on the intracategory median 

revealed that the majority of the cases within this tertile were exposed to benzene for > 27 years. 

A significantly higher risk of NHL was observed in these women who were exposed for the 

longest period of time (i.e. >27 years; HR: 2.65, 95% C.I.: 1.21, 5.77), but no significantly 

higher risk was observed in women in the lower half of the top tertile, which only included 3 

exposed cases (Table 2).  
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Compared to unexposed women, the risk of NHL was also significantly higher for women in the 

two highest tertiles of cumulative benzene exposure (Tertile 2 HR: 2.22, 95% C.I.: 1.12, 4.44; 

Tertile 3 HR: 2.16, 95% C.I.: 1.17, 3.98; ptrend = 0.005), whereas there was no significant 

association for women in the lowest cumulative exposure tertile (Table 2).  Similar to results for 

the duration metric, further stratification of the highest tertile showed that the largest magnitude 

of risk for NHL was in women with cumulative exposures greater than the median exposure 

(HR: 2.31, 95% C.I.: 1.06, 5.02) within the highest tertile, compared to unexposed women (Table 

2).  A similar though non-significant higher risk of NHL was observed for women with exposure 

levels in the lower half of the top tertile (HR: 1.98, 95% C.I.: 0.80, 4.91). Further, results for 

cumulative exposure were generally consistent in analyses using a 5- and 10-year lag, with the 

highest risks of similar magnitude observed in the second (5- year lag HR: 2.08, 95% C.I.: 1.00, 

4.33; 10-year lag HR: 2.16, 95% C.I.: 1.04, 4.49) and third tertiles (5-year lag HR: 2.16, 95% 

C.I.: 1.17, 4.00; 10-year lag HR: 2.04, 95% C.I.: 1.08, 3.86) compared to unexposed women, 

whereas there was no significant association with NHL among women in the first tertile for 

either analysis. Significant trends were observed in both analyses (ptrends = 0.007 and 0.02 for 5- 

and 10-year lags, respectively) (Supplemental Material, Table S1). 

A higher risk of myeloid leukemia was not observed based on 4 women ever exposed to benzene 

(Supplemental Material, Table S2). However, the 4 benzene-exposed myeloid leukemia cases in 

our cohort were all highly exposed (i.e. > median cumulative exposure and exposed > 21 years) 

and a higher risk of myeloid leukemia was observed for women in the highest exposure duration 

tertile (HR: 2.62, 95% C.I.: 0.92, 7.50) and for workers with cumulative exposure levels higher 

than the median of 59 mg/m3-years (HR: 1.65, 95% C.I.: 0.58, 4.71). These risks were slightly 
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attenuated after further adjustment for ever smoking and education (Supplemental Material, 

Table S2).  

Discussion 

To our knowledge, this is the first study to investigate the risk of NHL in relation to benzene 

exposure in the context of a population-based prospective cohort study of women with diverse 

occupational histories and job tasks. We observed that women ever exposed to benzene had a 

significantly higher risk of NHL compared to unexposed women, and significantly increased 

risks were also observed among women in the highest two tertiles of exposure duration and 

cumulative exposure. Our study, which combined job- and industry-exposure matrices and short-

term area air measurements in Shanghai factories, provides evidence that occupational benzene 

exposure is associated with NHL among these women from Shanghai.  

The lymphomagenic potential of benzene exposure has been the subject of much debate. A 

recent comprehensive evaluation by IARC concluded that there is evidence in humans for a 

positive association between benzene and NHL overall, as well as for acute lymphocytic 

leukemia (ALL), CLL, and multiple myeloma (IARC 2012). Notably, a relative risk of 3 was 

previously observed for NHL in relation to ever exposure to benzene in a cohort of Chinese 

workers (Hayes et al. 1997), whereas the majority of other occupational cohorts conducted to 

date have not observed significantly higher associations for NHL (IARC 2012). The estimated 

benzene exposure levels in our study were lower on average than those reported in the previous 

Chinese occupational cohort, which observed the highest risk for NHL associated with 

cumulative benzene exposures > 100 ppm-years, but were higher on average compared to several 

cohorts conducted in North America and Australia, which reported mean or median cumulative 

benzene exposures generally less than 10 ppm-years (Collins et al. 2003, Glass et al. 2003, 
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Schnatter et al. 1996). It is also notable that most previous cohorts have not included lymphoid 

leukemia cases in their NHL case definition, whereas we included cases of both CLL/SLL and 

ALL, which are grouped with NHL in the most recent classifications (Turner et al. 2010). 

Differences between cohorts with respect to evaluating NHL incidence vs. mortality also present 

challenges when comparing findings across studies. Recent case-control studies conducted in 

Caucasian populations have also provided some suggestive evidence for an association between 

benzene exposure with either NHL overall or with specific NHL subtypes (Costantini et al. 2008; 

Dryver et al. 2004; Fabbro-Peray et al. 2001; Miligi et al. 2006; Wang et al. 2009). A previous 

hospital-based case-control study of 649 NHL cases and 1,298 controls in Shanghai found a 

significantly higher risk of follicular lymphoma (FL) for ever exposure to benzene based on a 

limited number of cases but not for other subtypes or NHL overall (Wong et al. 2010).  

A particular challenge in the evaluation of factors associated with NHL risk is the increasing 

evidence of etiologic heterogeneity for specific NHL subtypes (Morton et al. 2008). To this end, 

a recent meta-analysis of occupational cohort studies evaluating benzene exposure and cancer 

risk found evidence for an association with CLL and ALL, while an association with NHL 

overall was less pronounced (Vlaanderen et al. 2011).  Further, evidence from some case-control 

studies has indicated that solvent use more generally may be associated with some NHL subtypes 

but not others (Cocco et al. 2010; Wang et al. 2009). Because we lacked detailed histology data 

on the NHL cases in our cohort, we were unable to evaluate NHL subtype-specific associations.  

Exposure to benzene has been demonstrated in animal studies to result in development of  

lymphomas, including in one study of Trp53-deficient mice that also observed an increase in 

benzene-induced AML (IARC 2012, Kawasaki et al. 2009). The IARC working group evaluating 

benzene exposure concluded that there are two probable mechanisms of benzene-induced 
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lymphomagenesis in humans, namely immunosuppression leading to decreased 

immunosurveillance and chromosomal rearrangements (IARC 2012). In support of these 

conclusions, studies of benzene have shown a variety of genotoxic effects in humans resulting 

from exposure, including both structural and numerical chromosomal abnormalities, and these 

genotoxic effects appear to effect the lymphocytes of exposed populations (IARC 2012; Zhang et 

al. 2002). Previous molecular epidemiologic investigations conducted in the Chinese population 

in particular, including among healthy workers in Shanghai (Rothman et al. 1996), have 

demonstrated that benzene is associated with cytogenetic abnormalities in cultured peripheral 

lymphocytes, which are frequently associated with lymphomas, including the long arm deletion 

of chromosome 6 (Zhang et al. 2007). Further, we have shown among workers in China that 

benzene exposure is associated with increased mitochondrial DNA (mtDNA) copy number (Shen 

et al. 2008). Interestingly, increased mtDNA copy number was positively associated with NHL 

in a dose-dependent manner in a prospective cohort of Finnish men, and thus the effect of 

benzene on this marker may represent an early biologic effect that is relevant to the subsequent 

development of NHL (Lan et al. 2008).  Finally, a cross-sectional study of occupationally 

exposed workers in China found a decrease in lymphocyte cell counts including CD4+ T cells, 

which has been associated with an increased risk of NHL, at benzene exposures as low as < 1 

ppm, with greater reductions observed for higher levels of benzene (Lan et al. 2004). The inverse 

association of benzene exposure on levels of CD4+ T cells is particularly notable given the 

established relationship between immune deficiency, various immune disorders, and NHL risk 

(Grulich et al. 2007). The increased risk of NHL associated with immune deficiency may result 

from loss of viral control resulting from reduced immunosurveillance or due to dysregulation of 

B-lymphocyte activity (Grulich et al. 2007). While the relationship between subclinical immune 
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deficiency and NHL is not as clear, the apparent lack of a threshold between levels of 

immunodeficiency and subsequent NHL risk (Grulich et al. 2007), and more recent prospective 

studies suggesting that subclinical alterations in various immune markers are associated with 

NHL (De Roos et al. 2012; Purdue et al. 2013), provides evidence for a role of more subtle 

immune alterations in lymphomagenesis.   

The most recent IARC assessment of benzene also confirmed that there continues to be sufficient 

evidence in humans for an association with AML (IARC 2012). The number of exposed myeloid 

leukemia cases in our cohort was small (n=4), and only 2 of these were AML; therefore, we had 

limited ability to evaluate this association. Because occupational benzene exposure had ceased 

for the vast majority of cohort members ever exposed to benzene by the time of enrollment into 

the cohort, it is possible that deaths due to benzene-related AML had already taken place among 

people living within the cohort catchment area well before enrollment began. This possibility is 

based on some evidence (Hayes et al. 1997) suggesting that benzene exposure during the 5 years 

prior to diagnosis may be the most important for determining risk for benzene-related AML.  

A strength of our population-based study of Chinese women was the use of an exposure 

assessment framework with improved contrast in exposure levels across time and between 

jobs/industries compared to using the job- and industry-exposure matrices alone (Friesen et al. 

2012). Second, we used stringent definitions for defining exposure and our a priori criteria were 

chosen to maximize specificity in the exposure assessment as recommended previously 

(Kromhout and Vermeulen 2001). A further strength of our study was the obtainment of a full 

occupational history for women in the cohort and the availability of questionnaire data for 

women in the SWHS, although we lacked data on potential co-exposures in the workplace and 

therefore cannot exclude the possibility of confounding from other chemical exposures. 
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Nevertheless, the SWHS includes women with diverse job tasks across a variety of industries 

and so the common use of a confounding chemical(s) may be less likely, compared to 

occupational cohorts that include subjects only employed in one or a few industries with similar 

exposure patterns.  

Given that the exposure measurements from the Shanghai database used in our framework 

reflected short-term area samples that were collected for health and safety inspection purposes, 

as opposed to using full-shift personal monitors, some degree of exposure misclassification is 

likely as has been discussed in detail elsewhere (Friesen et al. 2012). The use of area 

measurements could result in either an over or underestimation of an individual worker’s 

exposure level. The exposure measurements used in our study were from factories included in 

the Shanghai CDC inspection program which did not include all factories in Shanghai. However, 

there were a relatively large number of measurements from this database that were less than the 

limit of detection (~50%). Moreover, our exposure estimates were on average lower compared to 

some previous studies conducted in China that measured benzene exposure in factories under 

investigation for benzene-poisoning events or factories with suspected high-level exposures 

under consideration for use in molecular epidemiology studies (Friesen et al. 2012). These 

observations provide some evidence that the database reflected a wide-range of exposure 

scenarios rather than worst-case scenarios only. Comparisons between the experts’ intensity 

estimates and our model predictions for the year 1980 found that the predicted levels for job 

intensity ratings of 1, 2, and 3 were 4 mg/m3, 6 mg/m3, and 11 mg/m3, respectively, which were 

consistent with the expert cut-points for intensity ratings of 1 (AM < 4 mg/m3) and 2 (AM 4-40 

mg/m3) but were lower than the cut-point for intensity rating 3 (AM > 40 mg/m3) (Friesen et al. 

2012). This may not be surprising, as the measurements would reflect to some extent both the 
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intensity of the exposure and the probability of exposure while the cut-points were based on 

intensity of exposure only. However, our exposure assessment approach that combined the JEM 

with the benzene exposure measurements provided a mechanism to calibrate the ratings to a 

concentration scale and across time and thus the measurement-driven values, rather than the 

theoretical cutpoints, were used.   

Moreover, the measurements applied in our study were not directly associated with any 

individual subject but rather were used in the models to estimate geometric mean exposure levels 

for a given job/industry. Berkson error resulting from the assignment of group-level estimates to 

the individual level has been demonstrated to result in minimal bias to the risk estimates in the 

presence of small measurement error (Küchenhoff et al. 2007).  Second, since occupational 

history data in the SWHS was not available after the cohort entry year, the estimated benzene 

exposure levels would therefore slightly underestimate cumulative and duration of exposure for 

the minority (n = 1,822) of benzene-exposed women who still had an exposed job at the start of 

follow-up, if these women had continued exposure during the follow-up period. For these 

reasons, we placed greater weight on reporting associations with NHL based on the rank-order 

exposure tertiles rather than emphasizing specific exposure levels in mg/m3-years. This analytic 

approach would be less sensitive to slight underestimates in exposure relative to associations 

based on continuous analyses. Moreover, this approach combined with the decreasing person-

years and concentration of benzene exposure over time observed in our study (Friesen et al. 

2012), and the fact that elevated associations with NHL were still apparent in the lagged 

analyses, suggest that any continued exposure during the follow-up period is unlikely to have 

materially changed our conclusions. Third, the limited histology data in the cohort precluded an 

evaluation of the risk of specific NHL subtypes in relation to benzene exposure. As such, and 



20 
 

given that subtype-specific associations have been suggested in some previous case-control 

studies (Cocco et al. 2010; Wang et al. 2009), future studies that are able to obtain tumor samples 

on a high percentage of cases and that are able to conduct pathology review are needed to 

determine whether associations with specific NHL subtypes may be driving the observed 

association with overall NHL risk. Finally, given that NHL is a rare tumor in China, another 

limitation is the relatively small number of NHL cases in the cohort, which contributed to 

relatively broad confidence intervals associated with the observed effect estimates. Nonetheless, 

we note that the number of benzene-exposed cases is similar or larger to those of other cohorts 

that have evaluated this association (IARC 2012), and despite the relatively small number of 

exposed cases we observed significant elevations for three different benzene metrics, including 

ever exposure.   

Conclusions 

In summary, we estimated the relative risk of NHL in a population-based cohort study of 

Chinese women living in Shanghai using an exposure assessment framework that maximized 

information from two sources of exposure information. We found evidence for an increased risk 

of NHL for women ever exposed to benzene and for those with higher cumulative exposure 

levels and durations of occupational benzene exposure. Our findings are consistent with several 

previous studies that have found an elevated risk of NHL overall or of specific NHL subtypes 

associated with benzene exposure and provide additional evidence that occupational exposure to 

benzene is associated with NHL risk.  

  



21 
 

References 

Baan R, Grosse Y, Straif K, Secretan B, El Ghissassi F, Bouvard V, et al. 2009. A review of 

human carcinogens--Part F: chemical agents and related occupations. Lancet Oncol 

10:1143-1144. 

Cocco P, t'Mannetje A, Fadda D, Melis M, Becker N, de Sanjose S, et al. 2010. Occupational 

exposure to solvents and risk of lymphoma subtypes: results from the Epilymph case-control 

study. Occup Environ Med 67:341-347. 

Collins JJ, Ireland B, Buckley CF, Shepperly D. 2003. Lymphohaematopoeitic cancer mortality 

among workers with benzene exposure. Occup Environ Med 60: 676-679. 

Costantini AS, Benvenuti A, Vineis P, Kriebel D, Tumino R, Ramazzotti V, et al. 2008. Risk of 

leukemia and multiple myeloma associated with exposure to benzene and other organic 

solvents: evidence from the Italian multicenter case-control study. Am J Ind Med 51:803-

811. 

De Roos AJ, Mirick DK, Edlefsen KL, LaCroix AZ, Kopecky KJ, Madeleine MM, et al. 2012. 

Markers of B-cell activation in relation to risk of non-Hodgkin lymphoma. Cancer Res 

72:4733-4743 

Dryver E, Brandt L, Kauppinen T, Olsson H. 2004. Occupational exposures and non-Hodgkin's 

lymphoma in Southern Sweden. Int J Occup Environ Health 10:13-21. 

Fabbro-Peray P, Daures JP, Rossi JF. 2001. Environmental risk factors for non-Hodgkin's 

lymphoma: a population-based case-control study in Languedoc-Roussillon, France. Cancer 

Causes Control 12:201-212. 

Friesen MC, Coble JB, Lu W, Shu XO, Ji BT, Xue S, et al. 2012. Combining a job-exposure 

matrix with exposure measurements to assess occupational exposure to benzene in a 

population cohort in Shanghai, China. Ann Occup Hyg 56:80-91. 

Glass DC, Gray CN, Jolley DJ, Gibbons C, Sim MR, Fritschi L, et al. 2003. Leukemia risk 

associated with low-level benzene exposure. Epidemiology 14: 569-577.  

Grulich AE, Vajdic CM, Cozen W. 2007. Altered immunity as a risk factor for non-Hodgkin 

lymphoma. Cancer Epidemiol Biomarkers Prev. 16: 405-408.  

Hayes RB, Yin SN, Dosemeci M, Li GL, Wacholder S, Travis LB, et al. 1997. Benzene and the 

dose-related incidence of hematologic neoplasms in China. Chinese Academy of Preventive 

Medicine--National Cancer Institute benzene study group. JNCI 89:1065-1071. 



22 
 

IARC (International Agency for Research on Cancer). 2012. IARC monographs on the 

evaluation of carcinogenic risks to humans, volume 100f: benzene. Available: 

http://monographs.iarc.fr/ENG/Monographs/vol100F/mono100F-24.pdf [accessed 10 Feb 

2015].  

IPUMS (Integrated Public Use Microdata Series International). 2014. China - Third National 

Population Census 1982. Available: http://microdata.worldbank.org/index.php/catalog/461 

[accessed 13 Feb 2015]. 

Kawasaki Y, Hirabayashi Y, Kaneko T, Kanno J, Kodama Y, Matsushima Y, et al. 2009. 

Benzene-induced hematopoietic neoplasms including myeloid leukemia in Trp53-deficient 

C57BL/6 and C3H/He mice. Toxicol Sci. 110: 293-306.  

Kromhout H, Vermeulen R. 2001. Application of job-exposure matrices in studies of the general 

population: some clues to their performance. Eur Respir Rev 11:80.  

Küchenhoff H, Bender R, Langer I. 2007. Effect of berkson measurement error on parameter 

estimates in cox regression models. Lifetime Data Anal  13:261-272.  

Lan Q, Zhang L, Li G, Vermeulen R, Weinberg RS, Dosemeci M, et al. 2004. Hematotoxicity in 

workers exposed to low levels of benzene. Science 306:1774-1776. 

Lan Q, Lim U, Liu CS, Weinstein SJ, Chanock S, Bonner MR, et al. 2008. A prospective study 

of mitochondrial DNA copy number and risk of non-Hodgkin lymphoma. Blood 112:4247-

4249. 

Liu H, Liang Y, Bowes S, Xu H, Zhou Y, Armstrong TW, et al. 2009. Benzene exposure in 

industries using or manufacturing paint in China--a literature review, 1956-2005. J Occup 

Environ Hygiene 6:659-670. 

Miligi L, Costantini AS, Benvenuti A, Kriebel D, Bolejack V, Tumino R, et al. 2006. 

Occupational exposure to solvents and the risk of lymphomas. Epidemiology 17:552-561. 

Morton LM, Wang SS, Cozen W, Linet MS, Chatterjee N, Davis S, et al. 2008. Etiologic 

heterogeneity among non-Hodgkin lymphoma subtypes. Blood 112:5150-5160. 

Purdue MP, Hofmann JN, Kemp TJ, Chaturvedi AK, Lan Q, Park JH, et al. 2013. A prospective 

study of 67 serum immune and inflammation markers and risk of non-Hodgkin lymphoma. 

Blood 122: 951-957.  

Qu Q, Shore R, Li G, Jin X, Chen LC, Cohen B, et al. 2002. Hematological changes among 

Chinese workers with a broad range of benzene exposures. Am J Ind Med 42:275-285. 



23 
 

Rothman N, Li GL, Dosemeci M, Bechtold WE, Marti GE, Wang YZ, et al. 1996. 

Hematotoxicity among Chinese workers heavily exposed to benzene. Am J Ind Med 29:236-

246. 

Schnatter AR, Glass DC, Tang G, Irons RD, Rushton L. 2012. Myelodysplastic syndrome and 

benzene exposure among petroleum workers: an international pooled analysis. JNCI 

104:1724-1737.  

Schnatter AR, Armstrong TW, Nicolich MJ, Thompson FS, Katz AM, Huebner WW, et al. 1996. 

Lymphohaematopoietic malignancies and quantitative estimates of exposure to benzene in 

Canadian petroleum distribution workers. Occup Environ Med. 53: 773-781.  

Shen M, Zhang L, Bonner MR, Liu CS, Li G, Vermeulen R, et al. 2008. Association between 

mitochondrial DNA copy number, blood cell counts, and occupational benzene exposure. 

Environ Molecular Mutagen 49:453-457. 

Shanghai Cancer Institute. 2015. Available: http://www.shsci.org/eyjz.aspx?id=108 [accessed 13 

Feb 2015]. 

Turner JJ, Morton LM, Linet MS, Clarke CA, Kadin ME, Vajdic CM, et al. 2010. InterLymph 

hierarchical classification of lymphoid neoplasms for epidemiologic research based on the 

WHO classification (2008): update and future directions. Blood 116: e90-e98. 

Vlaanderen J, Lan Q, Kromhout H, Rothman N, Vermeulen R. 2011. Occupational benzene 

exposure and the risk of lymphoma subtypes: A meta-analysis of cohort studies 

incorporating three study quality dimensions. Environ Health Perspect 119:159-167. 

Wang R, Zhang Y, Lan Q, Holford TR, Leaderer B, Zahm SH, et al. 2009. Occupational 

exposure to solvents and risk of non-Hodgkin lymphoma in Connecticut women. Am J 

Epidemiol 169:176-185. 

Wilbur S, Wohlers D, Paikoff S, Keith LS, Faroon O. 2008. ATSDR evaluation of health effects 

of benzene and relevance to public health. Toxicol Ind Health 24:263-398. 

Wong O, Harris F, Armstrong TW, Hua F. 2010. A hospital-based case-control study of non-

Hodgkin lymphoid neoplasms in Shanghai: analysis of environmental and occupational risk 

factors by subtypes of the WHO classification. Chem Biol Interact 184(1-2): 129-146. 

Zhang L, Eastmond DA, Smith MT. 2002. The nature of chromosomal aberrations detected in 

humans exposed to benzene. Crit Rev Toxicol 32: 1-42.  



24 
 

Zhang L, Rothman N, Li G, Guo W, Yang W, Hubbard AE, et al. 2007. Aberrations in 

chromosomes associated with lymphoma and therapy-related leukemia in benzene-exposed 

workers. Environ Molecular Mutagen 48:467-474. 

Zheng W, Chow WH, Yang G, Jin F, Rothman N, Blair A, et al. 2005. The Shanghai Women's 

Health Study: rationale, study design, and baseline characteristics. Am J Epidemiol 

162:1123-1131.



25 
 

Table 1. Demographic characteristics of women enrolled in the Shanghai Women’s Health Study included in the benzene exposure 

analysis. 

Characteristic Total Exposed Not Exposed 

 
n=73,087 n=10,788 n=62,299 

Mean age at baseline ± SD  52 ± 9 51 ± 9 52 ± 9 
Mean attained age after follow-up ± SD 64 ± 9 63 ± 9 64 ± 9 
Mean BMI at baseline ± SD 23 ± 3 23 ± 3 23 ± 3 
Year of birth categories (n, %)    

1927-1930 4,328 (6) 584 (5) 3,744 (6) 
1931-1935 10,775 (15) 1,486 (14) 9,289 (15) 
1936-1940 7,819 (11) 1,171 (11) 6,648 (11) 
1941-1945 8,065 (11) 1,059 (10) 7,006 (11) 
1946-1950 12,674 (17) 1,736 (16) 10,938 (18) 
1951-1955 18,825 (26) 2,913 (27) 15,912 (26) 
1956-1960 10,601 (15) 1,839 (17) 8,762 (14) 

Current smoker at baseline (n, %) 
   Yes 1,713 (2) 298 (3)  1,415 (2) 

No 71,373 (98) 10,490 (97) 60,883 (98) 
Missing 1 (<1)  0 (0)   1 (<1) 

Alcohol use at baseline (n, %) 
   Yes 1,650 (2) 275  (3)  1,375 (2) 

No 71,437 (98) 10,513 (97) 60,924 (98) 
Education at baseline (n, %) 

   Elementary or less 15,482 (21) 2,677 (25) 12,805 (21) 
Middle school 27,230 (37) 4,851 (45) 22,379 (36) 
High school 20,465 (28) 2,608 (24) 17,857 (29) 
College or higher  9,897 (14) 649 (6)  9,248 (15) 
Missing  13  (<1)   3 (<1)  10 (<1) 
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Table 2. Associations between the job/industry-specific benzene exposure metrics and non-Hodgkin lymphoma. 

Exposure Metric # Subjects Cases Hazard Ratio (95% C.I.) 

Unadjusted Modela 
p-value Hazard Ratio (95% C.I.) 

Adjusted Modelb 
p-value 

Ever exposurec       
Unexposed 62,299 78 1.0 (ref)  1.0 (ref)  
Exposed 10,788 24 1.87 (1.19, 2.96) 0.007 1.86 (1.17, 2.96) 0.009 

Exposure duration       
Unexposed 62,299 78 1.0 (ref)  1.0 (ref)  
Tertile 1: (1-11 years) 3,698 6 1.44 (0.63, 3.31) 0.39 1.45 (0.63, 3.32) 0.39 
Tertile 2: (12-21 years) 3,562 8 2.10 (1.01, 4.35) 0.047 2.09 (1.00, 4.36) 0.049 
Tertile 3: (> 21 years) 3,528 10 2.07 (1.07, 4.01) 0.03 2.04 (1.05, 3.97) 0.04 
p trendd    0.006  0.007 

(22-27 years) 1,846 3 1.38 (0.44, 4.37) 0.59 1.37 (0.43, 4.34) 0.60 
(>27 years) 1,682 7 2.65 (1.21, 5.77) 0.01 2.60 (1.19, 5.69) 0.02 

Cumulative exposure (mg/m3-years)       
Unexposed 62,299 78 1.0 (ref)  1.0 (ref)  
Tertile 1: (≤ 35.2 mg/m3-years) 3,560 3 0.93 (0.29, 2.96) 0.90 0.92 (0.29, 2.94) 0.89 
Tertile 2: (35.21-102.4 mg/m3-years) 3,667 9 2.22 (1.12, 4.44) 0.02 2.20 (1.10, 4.41) 0.03 
Tertile 3: (> 102.4 mg/m3-years) 3,561 12 2.16 (1.17, 3.98) 0.01 2.16 (1.17, 4.00) 0.01 
p trendd    0.005  0.006 

(102.41-196.9 mg/m3-years) 1,780 5 1.98 (0.80, 4.91) 0.14 1.97 (0.80, 4.89) 0.14 
(> 196.9 mg/m3-years) 1,781 7 2.31 (1.06, 5.02) 0.03 2.33 (1.07, 5.08) 0.03 

aHazard ratios and 95% confidence intervals estimated from Cox proportional hazard models with entry and exit age as the time scale. bHazard ratios and 

95% confidence intervals estimated from Cox proportional hazard models with entry and exit age as the time scale, and further adjusted for ever smoking, 

ever use of alcohol, BMI, and education. cWomen were defined as ever exposed if they had any job/industry combination in their occupational history that 

was classified as exposed according to our specified criteria, regardless of duration. dA linear trend in the HR for each of the benzene exposure metrics was 

evaluated by including a continuous variable in the model representing the median values of each of the exposure tertiles. 


